The path to the discovery of suberoylanilide hydroxamic acid (SAHA, vorinostat) began over three decades ago with our studies designed to understand why dimethylsulfoxide causes terminal differentiation of the virus-transformed cells, murine erythroleukemia cells. SAHA can cause growth arrest and death of a broad variety of transformed cells both in vitro and in vivo at concentrations that have little or no toxic effects on normal cells. It was discovered that SAHA inhibits the activity of histone deacetylases (HDACs), including all 11 known human class I and class II HDACs. HDACs have many protein targets whose structure and function are altered by acetylation including histones and non-histone proteins component of transcription factors controlling gene expression and proteins that regulate cell proliferation, migration and death. SAHA is in clinical trials and has significant anticancer activity against both hematologic and solid tumors at doses well tolerated by patients. A new drug application has been approved for SAHA (vorinostat) treatment of cutaneous T-cell lymphoma.
Introduction
Discovery of SAHA Charlotte Friend, in an effort to supertransfect murine erythroleukemia cells (MELCs), placed them in culture with dimethylsulfoxide (DMSO) and observed that many of these cancer cells turned red -suggesting the presence of hemoglobin (Friend et al., 1971) . In collaboration with Ronald Breslow, Professor of Chemistry at Columbia University, we followed up on this observation and showed that it was the polar group of DMSO that was required to induce the differentiation of MELCs. Simple polar amides were more potent than DMSO (Tanaka et al., 1975) . Compounds with two amides were more potent, presumably because of the chelate effect that could make for strong binding if there were two or more receptor sites for the amide species.
This led to the discovery of hexamethylene bisacetamide (HMBA), which was more potent (5 mm inhibited MELC growth) than simple acetamide (30-100 mM inhibited MELC growth) (Reuben et al., 1976) . HMBA induced growth arrest and differentiation of various transformed cells (Marks and Rifkind, 1978) and selectively altered the expression of genes (Marks et al., 1987; Richon et al., 1989) . Clinical trials with HMBA found that the compound induced transient minor and partial remissions in myelodysplastic syndrome and acute myelogenous leukemia, but doses were required that were not well tolerated by cancer patients (Andreeff et al., 1992) .
The molecular target of HMBA has not been identified. Extensive studies of the relation between structure and activity of derivatives of HMBA, lead to the discovery of a series of bishydroxamic acids were synthesized that were as much as two orders of magnitude more potent than HMBA in inducing transformed cell growth arrest and cell death (Breslow et al., 1991; Richon et al., 1996) . Among these compounds was suberoyl-anilide hydroxamic acid (SAHA) that proved to be the active at low mM concentrations in causing MELC growth arrest and differentiation. SAHA became the lead compound for further biological studies (Figure 1 ). Compounds more potent than SAHA were discovered but proved to be too toxic to be potential drug candidates.
The mechanism involved in SAHA effects was identified as inhibition of the histone deacetylases (HDACs), a finding based on recognition of the similarity of the structure of SAHA to that of trichostatin A (TSA) (Richon et al., 1998; Yoshida et al., 1990) . TSA and SAHA induce the accumulation of acetylated histones when placed in culture with transformed cells.
HDACs
In humans, 18 HDAC enzymes have been identified and categorized into different classes based on their homology to yeast deacetylases (Lehrmann et al., 2002; Haggerty et al., 2003; Dokmanovic and Marks, 2005) . Class I includes HDAC1, -2, -3 and -8 with molecular weights of 22-55 kDa and homology in their catalytic sites. Class II, which includes HDAC4, -5, -7 and -9, are larger molecules with molecular weights between 120 and 135 kDa. A subclass of HDACs, so-called class IIa, include HDAC6 and -10, which contain two catalytic sites. HDAC11 has conserved residues in the catalytic core region that are shared by both class I and II enzymes and referred to as a class IIb HDAC. Both class I and II HDACs are zinc-binding enzymes and inhibited by SAHA at nanomolar concentrations. In addition to histones of the nucleosome core around which DNA is wrapped, class I and II HDACs have many non-histone protein targets. These targets include (Haggerty et al., 2003; Johnstone and Licht, 2003; Bhalla, 2005; Minucci and Pelicci, 2006; Yoo and Jones, 2006) transcription factors (TFs) and proteins that regulate cell proliferation, migration and death. Class III HDACs, the socalled Sir2 family, are not inhibited by SAHA and do not have the same targets as class I and II deacetylases (Haggerty et al., 2003) .
X-ray crystallographic studies of a complex of SAHA with a histone deacetylase-like protein (HDLP) showed the mode of binding of the compound in the catalytic site of the enzyme (Finnin et al., 1999) . SAHA bound to the HDLP with the hydroxamic acid group doubly coordinated to a zinc atom at the bottom of the catalytic cavity. The polymethylene chain extended down a relatively narrow channel to get to the zinc atom, whereas the phenyl group at the other end of SAHA was on the hydrophobic surface of the enzyme. A similar structure was demonstrated for the complex of HDLP with TSA (Finnin et al., 1999) .
Pre-clinical studies with SAHA The mechanisms of the anticancer effects of SAHA are not completely understood. It is likely that both altered gene expression and altered function of proteins regulating cell proliferation and cell death pathways are involved (Tables 1 and 2 ). There is abundant evidence that SAHA can induce: (A) the accumulation of acetylated histones and acetylated non-histone proteins in TF complexes (e.g. TFIIB), which alter gene expression; (B) the acetylation of proteins regulating cell proliferation (e.g. Rb), stability of proteins (e.g. Hsp90), apoptosis (e.g. Bcl-2 family of proteins), cell motility (e.g. tubulin) and angiogenesis (HIF-1a), and alters the activity of these proteins and (C) the expression of proteins (e.g. Trx), which modulate the accumulation of reactive oxygen species (ROS) facilitated cell death (Johnstone and Licht, 2003; Rosato et al., 2003a; Shao et al., 2004; Bhalla, 2005; Dokmanovic and Marks, 2005; Minucci and Pelicci, 2006; Yoo and Jones, 2006) . Most cancers are characterized by multiple defects in expression and/or function of proteins that control cell proliferation, and the multiple targets of inhibition of HDAC may account, in part, for the efficacy of SAHA as an anticancer agent.
Effect of SAHA on class I and class II HDACs SAHA inhibits all HDACs of class I and II at about 50 nM and arrests cell growth of a wide variety of transformed cells in culture at 2-5 mM (Johnstone and Licht, 2003; Bhalla, 2005; Dokmanovic and Marks, 2005; Minucci and Pelicci, 2006; Yoo and Jones, 2006) . Many groups are engaged in efforts to discover new inhibitors of HDACs, which are selective in inhibiting one or another HDACs (Hu et al., 2003; Mai et al., 2003 Mai et al., , 2005 Miller et al., 2003; Rosato et al., 2003b) . It remains to be seen whether a pan-HDAC inhibitor such as SAHA will be therapeutically more useful as an anticancer drug than a selective inhibitor of a particular HDAC.
Effect of SAHA on gene expression SAHA selectively alters the transcription of expressed genes in transformed cells (Table 2) Abbreviations: ACTR, nuclear receptor co-activator; E2F, erythroid kruppel-like factor; HIF, -1a, hypoxia inducible factor; HMG(Y), highmobility group protein; LEF, lymphoid-enhancer factor/T-cell factor; TFII, Transcription factor II; WRN, Werner helicase; YY-1, Yin Yang 1 transcription factor. Butler et al., 2002; Peart et al., 2005; Scott et al., 2006) . For example, in SAHA cultured human multiple myeloma cells that are induced to apoptosis fewer than 10% of the expressed genes were altered in transcription. The altered genes included, for example, upregulation of proapoptotic genes and downregulation of a constellation of antiapoptotic genes. Indeed, in several studies SAHA was found to downregulate about as many genes as were upregulated, with the patterns of changes in gene expression being similar but also showing definite differences in various transformed cells and with different HDAC inhibitors (Peart et al., 2005) . The p21 gene is a direct target of SAHA (Gui et al., 2004) . We found that SAHA causes changes in the protein composition of the TF complex associated with p21 promoter, but not the TF complex of genes whose expression is not altered by the histone deacetylase inhibitors (HDACi). These findings suggested that the composition and structure of the TF complex play a major role in determining the selectivity of SAHA in affecting expression of a gene.
Further, SAHA directly acts on the promoter region of the thioredoxin (Trx) binding protein-2 (TBP-2) gene, upregulating its expression (Butler et al., 2002) . TBP-2 binds to and inactivates the reducing protein, Trx. Trx has many biologic roles including scavenging ROS, activating ribonucleotide reductase required for DNA synthesis, etc. (Arner and Holmgren, 2000) . In many cancer cells resistant to therapy, levels of TBP-2 are low and Trx levels relatively high (Arner and Holmgren, 2000; Powis et al., 2000; Butler et al., 2002) . SAHA, as well other anticancer drugs, cause an increase in ROS in transformed but not normal cells (Hail, 2005; Ungerstedt et al., 2005) . SAHA induces TBP-2 in transformed cells, associated with a decrease in Trx which may facilitate ROS-related cell death -accounting in part for the sensitivity of transformed cells, and the resistance of normal cells to HDACi.
Effects of SAHA in cells in culture
There is a need to develop better understanding of the mechanisms that determine the varied response of transformed cells to SAHA. We investigated this question in a study of four human prostate cancer cell lines, LNCaP, DU145, LAPC4 and PC3, which differ in response to the HDACi. We found striking differences among these prostate cancer cells in constitutive expression and response to SAHA in levels of antiand pro-apoptotic proteins, mitochondria membrane integrity, activation of caspases, ROS accumulation and expression of TBP-2/Trx, the major scavenger of ROS (Xu et al., unpublished 
observations).
It is known that aberrant expressions of proteins of the apoptotic pathway are associated with resistance to antitumor therapy (Peart et al., 2003; Hail, 2005; Insinga et al., 2005; Li et al., 2005a) . For example, a high level of Bcl-2 in PC3 prostate cancer cells is associated with resistance to therapy (Yamanaka et al., 2005) . Increased expression of XIAP and survivin was found in cisplatinresistant LNCaP prostate cancer subline (McEleny et al., 2002) . It has been shown that HDACi can increase expression of proapoptotic Bcl-2 family proteins, as well as, decrease expression of antiapoptotic proteins in various transformed cells (McEleny et al., 2002; Peart et al., 2003; Yamanaka et al., 2005; Insinga et al., 2005) , which, in part, can account for the anticancer activity of these agents.
The differences in expression of proteins that modulate mitochondria-mediated apoptosis and ROS facilitated cell death determine, in part, the sensitivity of these different prostate cancer cells to SAHA-induced cell death. Among the four cell lines, LNCaP and DU145 are more sensitive than LAPC4 to SAHAinduced cell death, and PC3 is resistant. Bcl-2 levels play an important role in PC3 resistance as chemically blocking Bcl-2 made these cells sensitive to the HDACi (Xu et al., 2006) . DU145 -the most sensitive to SAHAinduced cell death among the four cell lines that had no detectable Bcl-2. A high level of the antiapoptotic protein, survivin, is present in LAPC4, which are less sensitive than DU145 or LNCaP to the HDACi.
The four human prostate cell lines differed in constitutive expression of TBP-2. TBP-2 is not detectable in DU145 and well expressed in LAPC4. ROS accumulated in LNCaP, DU145 and LAPC4 but not PC3 cells cultured with SAHA. SAHA-induced TBP-2 expression in all four cell lines and decreased Trx levels most markedly in LACP4 cells. SAHA-induced LAPC4 cell death was not blocked by z-VAD, the pan caspase inhibitor, suggesting it was caspase-independent cell death. TBP-2 inactivation of Trx can play a role in caspase-independent cell death. By comparison, in DU145 cells z-VAD inhibited caspase activation and blocked SAHA-induced cell death, suggesting a caspasedependent cell death. Thus, both caspase-dependent and caspase-independent HDACi-induced cell death occur in these human prostate cancer cells.
Further evidence suggesting that difference in the pathway of SAHA mediated cell death is related to induced changes in the expression of pro-and antiapoptotic proteins is the fact that SAHA caused more changes in proapoptotic proteins in sensitive LNCaP and DU145 cells than in the resistant PC3-cells. In LNCaP cells, SAHA increased proapoptotic protein Bax, Bim, Bmf, Bik, cytochrome C and Smac, decreased antiapoptotic XIAP and survivin, activated caspase 9 and 3 and increased mitochondrial transmembrane permeability. In PC3-resistant cells, SAHA did not alter MTP, increase cytochrome c or AIF levels and did not activate caspase 3 or 9.
Transformed cells in culture can undergo changes in gene protein expression from the prostate cancers from which they are derived. Accordingly, it is not clear to what extent findings in cancer cells in culture have relevance to cancer cells in human primary tumors. A recent study comparing gene expression profile between tumor prostate cancer tissue (in vivo) with LNCaP cells treated with and without anticancer drugs, 1.4-3.6% of genes were differentially expressed in the two sets of prostate cells (Waghray et al., 2001 ). These authors suggest that LNCaP cells should be a good model for many aspects of the study of prostate cancers.
It is encouraging that gene expression profiling appears to be possible with circulating tumor cells, which clearly are more accessible than pre-and posttherapy prostate biopsy material (Li et al., 2005b; Smirnov et al., 2005) . The studies indicate that the assay for specific marker proteins in circulating tumor cells could be a promising technique and clearly one that requires further development. Assay of specific proteins, such as Bcl-2, TBP-2, cytochrome c and caspase 3 are among markers that could be useful guides to therapy and for which immuno-histochemical assay techniques are available. Further, targets such as Bcl-2 downregulation or TBP-2 up regulation could enhance the therapeutic efficacy of SAHA and other anticancer agents in the therapy of prostate cancers.
Effect of SAHA on tumor growth in animal models
The efficacy of SAHA in vivo was first demonstrated in nude mice bearing a human prostate cancer cell (CWR22) xenograft. The intraperitoneal administration of SAHA daily for 21 days completely inhibited tumor cell growth at doses that had no detectable toxic effects on normal cells (Butler et al., 2000) .
Subsequently, SAHA administered either parenterally or orally was shown to be effective in inhibiting tumor growth in a carcinogen-induced mammary tumor in rats, human neuroblastoma xenograft in mice, a transgenic mouse model of therapy resistant acute promyelocytic leukemia and a carcinogen-induced lung cancer in mice, all with little or no toxicity (Dokmanovic and Marks, 2005) .
Synergy of SAHA with other anticancer agents Pre-clinical studies have provided a rationale for use of SAHA in combination with other agents. SAHA and other HDACi have been reported to be additive or synergistic with a number of anticancer agents, including anthrocyclins, fludarabine, flavopiridol, imatinib, bortezomib, anti-angiogenesis agents and nuclear receptor ligands, such as, all-trans retinoic acid and tumor necrosis factor-related apoptosis-inducing ligand (Fuino et al., 2003; Johnstone and Licht, 2003; Bhalla, 2005; Dokmanovic and Marks, 2005; Minucci and Pelicci, 2006; Yoo and Jones, 2006) . It is likely that as we learn more about the downstream pathways of SAHA's effects, additional mechanism-based therapeutic strategies for use of the HDACi in combination with other agents will be developed. Indeed, whereas SAHA has significant anticancer activity as monotherapy, it may have broader therapeutic efficacy in combination therapeutic regimens.
Clinical trials with SAHA SAHA administered intravenously to patients with refractory hematologic and solid tumors demonstrated that the drug was well tolerated -with thrombocytopenia and neutropenia being dose limiting in hematologic but not solid tumor patients -and the drug showed significant anticancer activity in a broad range of cancers (Kelly et al., 2003; Kelly and Marks, 2005) . Acetylated histones accumulated in tumor and normal tissues -indicating a biologically active dose. To improve drug delivery an oral preparation was developed that had good oral availability and favorable pharmacokinetics. SAHA showed activity in hematologic malignancies including Hodgkin's disease, nonHodgkin's lymphomas and cutaneous T-cell lymphoma (CTCL) and in patients with solid tumors including thyroid, renal cell, mesothelioma, laryngeal and urothelial carcinomas (Table 3 ) . Toxicities included fatigue, diarrhea, anorexia and dehydrationwhich were all reversible on cessation of therapy for 4-7 days. A phase IIB trial in prior therapy-resistant CTCL patients was recently completed and has shown a significant response rate, including objective recession of lesions and in the majority of patients symptomatic relief of the pruritis associated with cutaneous lymphoma (Olsen et al., 2006) . Merck announced that it has received approval (10/06/06) for a new drug application (NDA) for SAHA (vorinostat) treatment of CTCL.
Currently, the National Cancer Institute clinical trials web site lists 36 SAHA trials as monotherapy and in combination with other agents, including trastuzumab for breast cancer, isotretinoin for renal cell carcinoma, capecitabine for various metastatic cancers, bortezomib for multiple myeloma and flurouracil for colon cancer and other hematologic and solid tumors.
Conclusions
SAHA (vorinostat) is the lead compound in a new promising class of anticancer drugs, a pan-class I and class II HDAC inhibitor. Unexpectedly -despite the fact that hydroxamic acids were considered too reactive to be safe drugs and that the target HDACs were ubiquitously distributed in chromatin -SAHA is an effective and selective inhibitor of growth of a broad variety of transformed cells at doses that have relatively little toxicity. The mechanism of the anticancer effects of SAHA are not completely understood, but it has been shown to have multiple protein targets whose acetylation alters their function as regulators of gene expression and cell proliferation, migration and death of transformed cells.
